Growth and respiration on intermediates of the tricarboxylic acid cycle as sole sources of carbon were studied with a number of different yeasts. The incorporation of [1 : 2-Wlacetate by acetate-respiring cells was studied with yeasts capable of utilizing exogenously supplied cycle intermediates (K + ) and also with those unable to do so (K-). Enzyme systems were examined by using cell-free extracts. It was concluded that the difference between K + and Kyeasts was not one of a major metabolic pathway, but probably of the permeability of the intact cells. Evidence was found for the operation of the tricarboxylic acid cycle in yeasts under differing growth conditions, and for the operation of the glyoxylate cycle in yeasts growing on acetate.
INTRODUCTION
Various workers have tested the ability of yeasts to utilize acids of the tricarboxylic acid (TCA) cycle. For example, Leberle & Will (1910) indicated that four strains of CaruEida mycoderma were probably capable of utilizing succinic and malic acids for growth. Okunuki (1931) reported that species of the genus Rhodotorula and the genus Sporobolomyces seemed able to use citric, succinic and malic acids. In these experiments peptone was present in the growth medium in addition to the organic acid being tested. In 1948, Wickerham & Burton reported that many yeasts could grow with intermediates of the TCA cycle as sole sources of carbon, utilizing citric, succinic, fumaric and malic acids. Wickerham (1951) described 15 species of the genus Huwenula; strains of 12 of these species were able to grow on citric or succinic acids. Testing with citrate, succinate and malate, Kudriavzev (1954) found that 36 out of 68 species of ascosporogenous yeasts utilized at least succinic acid. Such intermediates of the TCA cycle are now used in routine identification by the Yeast Division of the Centraalbureau voor Schimmelcultures (CBS). Yeasts may thus be divided into two groups : ' K + ', those capable of using as sole carbon source for growth or respiration one or more intermediates of the TCA cycle; 'K-', those yeasts unable to do so.
For manometric experiments. For each manometric experiment a %day culture from a Y-M agar slope was used to inoculate a 1 1. Fernbach culture flask, containing 200 ml. medium. These flasks were shaken (at c. 2 cycles/sec.; 5 cm. travel) for c. 24 hr. at 25'.
For isotope experiments. The suspension of yeast cells was in each case prepared exactly as for manometry; but four Fernbach flask cultures were necessary for each experiment.
For preparation of cell-free e x t r h . The several grammes of yeast needed in each experiment were grown in a Hoover washing machine adapted for this purpose. The machine consisted of a stainless steel vessel (80 1. capacity) with a mechanical stirrer, and a hole in the bottom of the tank through which sterile air was pumped. A metal top and gasket prevented contamination from the air; heat produced metabolically (Winzler & Baumberger, 1938) was prevented from increasing the temperature of the medium above that of the thermostatically controlled room by means of a cooling coil. The yeast was grown for 24 hr. in media A a c , A,Cit, or A& The crop was harvested with a Sharples Laboratory Super-centrifuge, washed in 10 1. of 0.9% (wlv) potassium chloride, re-centrifuged and stored a t -15O.
Growth experiments
The methods used were based on those described by Barnett & Ingram (1955) . Auxanography. Each culture was harvested into 10 ml. medium A, and transferred to a '1 oz.' (25 ml.) screw-capped bottle by means of a sterile pipette. The concentration of cells was checked roughly with a nephelometer and adjusted aseptically to c. 5 x 108 cellslml. Of this suspension, 0.5 ml. was added to a tube containing 10 ml. melted A, agar medium which had been cooled to 48'. The contents of the tube were poured into a Petri dish (9 cm. diameter) after quick but thorough mixing. 
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and inverted, at 37" for 1.5 hr. The carbon sources were placed on the surface with a platinum spoon in 2-5 mg. quantities, not more than three test-substances/plate. The auxanograms were incubated and examined every 2 days for a week. T-tubes. The inocula were prepared exactly as for auxanograms. The suspension of cells was added to 400 ml. A, medium contained in a sterile 500 ml. Quickfit interchangeable round flask with a flat bottom and short neck, stoppered with a gauze-covered cotton wool plug. This was then attached to a sterile automatic burette, a modification of the inoculating apparatus described by Barnes (1950) , for distributing 10 ml. inoculated medium into each T-tube. When only a few tests were to be made on any one strain of yeast, smaller quantities were prepared and delivered with 10 ml. sterile pipettes.
The carbon-sources were distributed with a sterile pipette to each T-tube to a find concentration of c. 1 %. The T-tubes were shaken (c. 2 cyc./sec., 5 cm. travel) at 25", readings being taken with an E.E.L. nephelometer at 0,2,4 and 6 days. The nephelometer used was set to
give a reading of 52 on the scale with the solid standard provided.
Manometric experiments
For measurements of the oxidation of acetate and of intermediates of the TCA cycle, the centrifuged yeast was suspended in 0.1 M-potassium phosphate buffer (pH 5-9) and re-centrifuged. The washed yeast was re-suspended in 0.1 M-phosphate buffer, pH5-9, to a final concentration equivalent to c. 5 mg. dry wt./ml. This suspension was placed in a Fernbach flask and shaken again at 25" for 1 hr. in order to decrease the rate of endogenous respiration. The rates of oxygen uptake on addition of substrates were measured with Warburg manometers. Flasks (approx. vol. 2Oml.) with single side arms contained 2 ml. yeast suspension in the main compartment, and 25 pmole of the substrates in 0.1 ml. water in the side arms. Strips of Whatman no. 40 filter paper and 0.2 ml. of 2 N-KOH were placed in the centre wells. The gas phase in the manometers was air, and they were equilibrated at 25" for 10-20 min., and the contents of the side arms mixed with those of the main compartments. Readings were taken at 10 min. intervals and recorded.
Incorporation of [W] acetate by whole yeast cells
The methods used were based on those described by Kornberg (1958) . Yeast cells which had been centrifuged after growth in Fernbach culture flasks were washed, and re-suspended in 0.9 yo (w/v) KC1 at a concentration equiv. c. 10 mg. dry wt./ml. About 50 ml. of the suspension were shaken in a Fernbach flask at 25" for about 1 hr. to lower the rate of endogenous respiration.
Of this suspension, 7 ml. were added to 7 ml. Two Warburg manometers, operating in the same bath, were used to follow, simultaneously, the rates of respiration of the yeast, one with and the other without substrate. The Warburg flasks (approx. vol. 20 ml.), with single side arms, contained 1 ml. yeast suspension and 1 ml. 0.2 M-phosphate buffer (pH 5.9) in the main compartments; and one flask had 25 pmole sodium acetate in 0.1 ml. of water in the side arm. Strips of Whatman no. 40 filter paper and 0.2 ml. of ~N -K O H were placed in the centre wells. The gas phase in the manometers was air, and they were equilibrated for about 20 min. a t 25". Readings were taken at 5 min. intervals and recorded.
The contents of the Warburg flask side arm were mixed with those of the main compartment, and a t the same moment 175 pmole of sodium acetate in 0.5 ml. water were added to the pipette flask and the contents we1 mixed.
When the rate of acetate oxidation was steady (usually after about 20 min.) the automatic pipette was removed from the bath, 0.5 ml. [l : 2-14C] acetate solution (prepared by mixing equal portions of [1-W] and [2-14C]acetate, and containing 18.5 pmole of acetate, 100 pc., and giving 6.5 x 106 counts/min. under the conditions of radio-assay used) was added and the top of the pipette replaced. After rapid manual swirling of the contents to ensure good mixing, a 1 ml. sample was pipetted into a centrifuge tube standing in ice. At intervals after adding the radioactive acetate further samples were removed and the time was recorded to the nearest second. Each sample was centrifuged immediately at c. 20,OOOg at -3" for c. 30 sec. and the supernatant fluids discarded. (These supernatant fluids did not contain a significant quantity of ethanol-soluble and non-volatile radioactive material. This procedure eliminated interference from radiation decomposition products ; the latter, forming 0*05-0-1% of the total radioactivity of acetate (cf. Kornberg, 1958) , evidently did not penetrate the cells.)
Preparation of aqueous ethanolic extracts. To the packed cells was rapidly added 1 ml. of absolute ethanol; the suspension was stirred well and re-centrifuged. The clear supernatant solutions were poured into thick-walled Pyrex tubes and the precipitates were resuspended, each in 1 ml. 20 % (v/v) ethanol in water. After recentrifuging the corresponding supernatant solutions were combined and evaporated to dryness at c. 60" under a stream of nitrogen. The dry material was resuspended in 0.5 ml. of 20% (vlv) ethanol in water, and samples thereof (0.1 or 0.2 ml.) were analysed by chromatography and radioautography as previously described (Kornberg, 1958) . (Hughes, 1951 ) without using abrasive. The crushed yeast was mixed with 9 vol. of 0.9% (w/v) KCI and homogenized in a glass homogenizer (Umbreit, Burris & Stauffer, 1949) . The homogenate was centrifuged at c. 20,OOOg a t -3" for 5 min., and the supernatant solution used for the experiment. Malate syrtthetase activity. In early experiments this was measured as the quantity
Experiments with cell-free extracts Preparation of extracts. Frozen cells were crushed in a Hughes Press
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of isotope incorporated into malate when cell extracts were incubated with [14C]acetate, MgCl,, glutathione, coenzyme A, adenosine triphosphate (ATP) and glyoxylate (Kornberg & Madsen, 1958;  see below). In later experiments, the activity of the enzyme was measured by the optical procedure of Dixon & Kornberg (1959) . IsoCiEratase activity was determined by the assay of glyoxylate (Friedemann & Haugen, 1948) formed by the cleavage of isocitrate (see Kornberg & Madsen, 1957) , the identity of the keto compound being confirmed by chromatography of the 2:4dinitrophenylhydrazones (El Hawary & Thompson, 1953) . The development of more direct assay procedures (Dixon & Kornberg, 1959) allowed quantitative determinations to be made during later parts of this work.
Incorporation of [14C]acetute by cell-free extracts. The methods used for studying the incorporation of labelled acetate by cell-free extracts were modified from those described by Kornberg & Madsen (1958) . The incubation mixture contained 100 pmole potassium phosphate (pH 7*5), 10 pmole reduced glutathione, 10 pmole MgCl,, 10pmole ATP, 0.08pmole coenzyme A (Sigma Chemical Co., St Louis, Missouri, U.S.A.), 0.1 ml. of crushed yeast extract, 1-9 pmole CH,14COONa (containing 10 pc. 14C; giving 6.5 x 106 countslmin.), 10 pmole unlabelled potassium acetate. The quantities of other unlabelled substrates, added as indicated, were as follows : 10 pmole sodium oxaloacetate; lopmole sodium glyoxylate; 40 pmole DL + all0 isocitrate (potassium salt) ; 20 pmole sodium pyruvate ; 0.4 x lo4 pmole diphosphopyridine nucleotide. Water was added to 1 ml. After incubation at 30° for 30 min., the reaction in each tube was stopped by adding 3 ml. hot absolute ethanol. The 75 yo (v/v) ethanolic aqueous suspensions were centrifuged at c. 250g, the precipitates washed with 1 ml. 20% (v/v) ethanol in water and the combined supernatant solutions evaporated to dryness at c. 60' under a stream of nitrogen. The chromatographic-autoradiographic analysis was carried out as described by Kornberg (1958) .
Protein estimation. The protein content of each yeast extract was estimated by nephelometric-turbidity measurements of trichloro-acetic acid precipitates (Stadtman, Novelli & Lipmann, 1951). A standard curve was obtained by using Armour's bovine serum albumin as a standard. For the estimations, 0.2 ml. of the yeast extract was added to 1.8 ml. water; to this 3 rnl. of 5 yo (w/v) trichloro-acetic acid was added, and the turbidity measured.
RESULTS
Growth experiments
The results for the K + yeasts are summarized in Table 1 Atwarmgram. For each auxanogram, a suspension of c. 2.5 x 108 yeast cells in 0.5 ml. of water was added to a tube containing 1 O m l . melted agar medium without carbon source, at 48'. After mixing, the medium was poured into a Petri dish, cooled, and the surface dried in an incubator. Test carbon sources were placed on the agar surface of each plate, which was incubated and examined every 2 days for a week. T-fubes. Each T-tube contained initially 10 ml. of carbon-free liquid medium, 1 yo (w/v) of carbon source, yeast cells to give an initial nephelometer reading ('zeroed' a t 52) of c. 10. The T-tubes were shaken a t 25' and nephelometer readings taken a t 0,2,4 and 6 days. S w k . The letter 'A' indicates that the auxanogmphic method was used: in all other cases T-tubes were employed. C = citrate; F = fumarate; M = malate; S 3 : succinate; Ac = acetate.
-< 10, + 10-20, + + > 20 (difference between initial and Anal nephelometer reading). The auxanographic responses are given in terms of + (growth) and -(no growth). 
Manometric experiments
The results of the measurements of the oxidation of TCA cycle intermediates are summarized in Table 2 . Curves showing the course of oxidation in certain cases are given in Fig. 1 . These experiments showed that a number of yeasts of different genera were capable of respiring acetate and intermediates of the TCA cycle at rates comparable to that at which they oxidized glucose. Yeasts grown on acetate tended to respire TCA cycle intermediates only very slowly, as compared with those cultivated on succinate. Two strains, Saccharomyces cerevisiae (NCYC 231) and 72 J. A. BARNETT AND H. L. KORNBERC (CBS ?'as) , which did not grow on TCA cycle intermediates, were also unable to respire citrate, succinate or fumarate. Thus, generally, yeasts able to grow on TCA cycle intermediates could respire them too, and conversely. A case of special interest, therefore, is the behaviour of Sacchuromyces drosqhiZamm, CBS 2896, which had been grown on citrate as sole carbon source. These citrate-grown cells, unlike those of S. marzianus, CBS 712, not only respired other TCA cycle intermediates particularly slowly, but seemed unable to respire citrate itself ( Table 2) . When washed citrate-grown cells were resuspended in citrate medium of the kind in which they had been grown, the rate of respiration was indistinguishable from that of the negative-control cells to which no substrate had been added. However, a growing 12 hr. culture, concentrated by centrifugation Cabelli (1955) for Klebsiella pneumoniae. It is possible that washing the cells impaired their ability to oxidize citrate through the removal of a necessary co-factor.
S . ucidijkciens
Incorporation of [l:2-14C]acetate by whole cells
In six experiments, the incorporation of 14C from labelled acetate by whole cells was studied. Of these experiments, two were carried out with succinate-grown Saccharomyces drosophilarum (CBS 2896) , one with this yeast grown on acetate, one with it grown on citrate, and one each with S . cerevisiae (NCYC 231) and S . midifaciens (CBS 749) grown on acetate. The results of experiments performed under comparable conditions were similar; those obtained with S. drosophilarum are shown in Fig. 2 . After addition of labelled acetate to the respiring yeast, 14C was rapidly and linearly incorporated into the fractions soluble in aqueous ethanol. At the earliest times, isotope appeared only in intermediates of the TCA cycle and in amino acids derived from them. The labelling patterns ( Fig. 2a ) observed with the yeast grown on succinate (and citrate) are consistent with those expected from the operation of the TCA cycle. This is not so for the acetate-grown yeasts (Fig. 2b) . In particular, the proportions of isotope present in succinate and malate indicate that, at the earliest times, 14C from acetate entered malate without passing through the stage of succinate. Whilst, during the later part of the experiment, succinate contained significantly more 14C than did malate (indicating that the 'pool size' of succinate was greater than than of malate), the succinate in the earliest samples contributed less to the total radioactivity than did malate. The ratio 14C incorporated into malate: 14C incorporated into succinate rose with time in the succinate-grown yeast, which is consistent with the expected formation of labelled malate from labelled succinate (Table a) , but decreased with time in acetate-grown cells. This indicates that, in the acetate-grown cells, labelled succinate could not have been the sole precursor of labelled malate, but that pathways must operate whereby 14C from acetate can enter malate without passing first through succinate.
These results, which are similar to those reported for Pseudomonas Jlzcorescens (Kornberg, 1958) , offer presumptive evidence that acetate is utilized by the acetategrown yeast via the concerted action of the tricarboxylic acid and glyoxylate cycles (see Kornberg & Krebs, 1957) , but that this latter cycle does not operate in yeasts grown on succinate.
Experiments with cell-free extrads Measurements of acetate-activation.
The results of assaying the activity of acetic thiokinase in extracts of the yeasts are shown in Use of TCA cycle mids by yeasts 75 Acetate-grown S. acidifaciens (CBS 749) and S. cerevisiae (NCYC 231) gave an activity of a half and a quarter, respectively, of that of acetate-grown S. drosophilarum. These differences in the measured rates of glyoxylate formation from isocitrate by extracts obtained from Saccharomyces drosophilarum grown on succinate, citrate or acetate as carbon sources, were also strikingly confirmed by visual examination of the 2:4-dinitrophenylhydrazones of the keto acids formed under these conditions ( Fig. 8) Extracts were prepared by crushing the yeast, grown on acetate, succinate or citrate as sole carbon sources, in a Hughes press, and homogenizing the crushed material with equal volumes of 0.1 Mpotassium phosphate, pH 7.5. To each ml. of these suspensions were added 0.1 ml. of 2 protamine sulphate. The precipitates were removed by centrifugation. The isocitrutase activity of the clear supernatant solution was estimated as the rate of change of optical density a t 324 mp when the extracts were incubated with 200 pmole potassium phosphate, pH 6.9, 6 pmole cysteine hydrochloride, 20 pmole magnesium chloride, 5 pmole phenylhydrazine hydrochloride, 5 pmole potassium L,-isocitrate and water to 3 ml. Mulute synthetase was determined by the rate of decrease of optical density a t 232 mp resulting from the enzymic removal of acetyl coenzyme A in the presence of glyoxylate (Dixon & Kornberg, 1959) . The ratios A and B were calculated from the data in Table 6 Incorporation of [l*C]acetate. The results of experiments on the reactions of [l*C]acetate in extracts are given in Table 6 . The assay showed that extracts of the yeast grown under all conditions promoted the incorporation of major amounts of label from [14C]acetate into citrate, in the presence of oxaloacetate, and into malate, in the presence of glyoxylate. However, the incorporation into malate, in the presence of isocitrate, was much less in the succinate and citrate-grown yeast than in that grown on acetate.
DISCUSSION
The ability qf K + yeasts to use succinate. A survey of the literature suggests that most K + yeasts can use succinic acid: that is, few yeasts seem unable to use succinate, but able to grow on citrate, fumarate or malate. Exceptions have been reported for Pichia farinosa, a strain of a Torulopsis species (Beech, 1957) , Torulopsis pseudaeria (Zsolt, 1958) , Rhodotorula crocea (Shifrine & Phaff, 1956 ) and Saccharomycopsis guthduta (Shifrine & Phaff, 1958) . All the K + yeasts studied for the present work (Table 1) utilized succinate. However, the degree of agreement in the literature is more surprising than any disagreement. Apart from expected differences between strains, the answers obtained seem to depend greatly on the methods used, as is indicated by the results for Smchromyces fermentati, S . lactis, and S . marxianus shown in Table 1 . None the less previously published work supports the tentative generalizations already made about the ' Dekkeromyces ' group and Saccharomyces On: Sat, 29 Dec 2018 09:50:57 Use of TCA cycle acids by yeasts 77 mellis and S. rowii (cf. Albritton, 1953 ; Barnett & Ingram, 1955; Beech, 1957; Hedrick & Burke, 1951; Miller & Phaff, 1958; Nickerson & Carroll, 1945; Niehaus, 1932; Phaff & Knapp, 1956; Phaff, Miller & Shifrine, 1956; Shehata, Mrak & Phaff, 1955; Shifrine & PhafT, 1956; Skinner & Huxley, 1956; Teunisson, 1954; Wiles, 1954 The characterization of Saccharomyces cerevisiae. Of great interest are the yeasts classified as 8. cerevisiae, S. carlsbergensis and similar organisms. They are of considerable industrial importance and there is much biochemical literature on the terminal respiratory mechanisms of S. cerevisiae, usually as baker's yeast. There is much confusion about the biochemical characteristics of S. cerevisiae, and it is worth reviewing the facts at some length here. Baker's yeast is almost always S. cerevisiae (White, 1954; Nickerson, 1957; Pyke, 1958) . Brewer's yeast is commonly SO, though lager yeasts may be classified as S. carlsbergensis (Guilliermond, 1920; Lodder & Kreger-van Rij, 1952 ; Thorne, 1957) . The data given earlier agree with those of Kudriavzev (1954) in showing that S. cerevisiae is unable to grow on exogenous intermediates of the TCA cycle. This is also in agreement with observations on baker's and brewer's yeasts by other workers (e.g. Brandt, 1945; 
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J. A. BARNETT AND H. L. KORNBERG Hinshelwood (1951) reported that five strains of S . cerevisiae (designated A, B, C, D, E) were able to grow on all the acids of the TCA cycle, except for strain C which did not grow on aconitic, citric, a-ketoglutaric or oxaloacetic acids. Probably none of these five was in fact a strain of S. cerevisiae (Sir C . Hinshelwood, personal communication 1957 Shifrine (1956) . These two were classified as S . cerevisiae by Lodder & Kreger-van Rij (1952) . The tricarboxylic acid cycle in yeasts. The growth studies described here, and those Use of TCA cycle acids by yeasts 79 of p r e~o u s workers, show that yeasts can be classified as K + or K-by their ability to utilize for growth intermediates of the TCA cycle, but this classification does not imply that Kyeasts lack this cycle, Many K + yeasts cannot utilize all the cycle intermediates. Manometric data also differentiate K + and Kyeasts, but the oxidation of intermediates is variable and depends on the conditions of growth. Moreover, K + yeasts grown on acetate tend to have the respiratory behaviour of Kyeasts. These findings can be explained by the existence of permeability barriers, which prevent free access of externally added substrates to intracellular enzyme systems.
AU the component reactions of the TCA cycle have been shown to occur in extracts of acetate-grown yeasts (for review, see Kornberg, 1959u) , and the cycle has been shown to be of major importance in acetate oxidation by baker's yeast, a typical Kyeast (De Moss & Swim, 1957) . Comparison of the patterns of isotope incorporation from [l: 2-WIacetate by a K + yeast (Sacchuromyces drosophilurum) with those of K-yeasts (S. c m h i a e , S. acidi$aciens) support this view. Although the procedure used in this work does not permit quantitative estimates to be made of the rate of incorporation of isotope from acetate, the distribution of radioactivity among the labelled components of each sample fairly reflects the time course of acetate incorporation. It is therefore significant that isotope from acetate was incorporated a t early times only into intermediates of the TCA cycle and into amino acids (such as aspartate and glutmate) directly derived from them, and that these labelled compounds are found both in K + yeasts grown on succinate or citrate (which presumably metabolize these materials and acetate via the TCA cycle) and in acetate-grown Kyeasts. Metabolism of acetate via the TCA cycle would result in an isotope content of succinate initially higher than that of malate: this was found to be the case ( Table 8) . Only in acetate-grown yeasts was this criterion not obeyed, and malate acquired isotope from acetate without passing through the stage of succinate. This indicated the operation of the glyoxylate cycle (Kornberg & Krebs, 1957) under these conditions, in addition to that of the TCA cycle.
Theglyoxylate cycle in yeasts. The key enzymes of the glyoxylate cycle are isocitratase (Smith & Gunsalus, 1955; Olson, 1954) and malate synthetase (Wong & Ajl, 1956), both of which have been shown to be present in extracts of baker's yeast (Olson, 1959;  Kornberg, 1959b) . The experiments reported in this paper confirm these findings. Extracts of acetate-grown yeasts, supplemented with necessary COfactors, catalysed the incorporation of isotope from acetate into malate if incubated with glyoxylate or isocitrate ( Table 6) , and contained high activities of malate synthetase and isocitratase ( Table 5 ). Extracts of yeasts grown on succinate or citrate contained malate synthetase at c. 25% and isocitratase at c. 8 % of the specific activities observed with acetate-grown yeasts. This indicates that the operation of the glyoxylate cycle in yeasts may be controlled by influencing the intracellular activity of isocitratase, as has also been found with Pseudornonas ovalis (Kornberg & Lund, 1959) and Micrococcus denitrijicuns (Kornberg, Collins & Bigley, 1960) .
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